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The  defects  and  disorder  in  the  thin  films  caused  by  MeV  ions  bombardment  and  the  grain  boundaries  of 
these  nanoscale  clusters  increase  phonon  scattering  and  increase  the  chance  of  an  inelastic  interaction 
and  phonon  annihilation.  We  prepared  the  thermoelectric  generator  devices  from  100  alternating  layers 
of  Si02/Si02  +  Cu  multi-nano  layered  superlattice  films  at  the  total  thickness  of  382  nm  and  50  alternating 
layers  of  Si02/Si02  +  Au  multi-nano  layered  superlattice  films  at  the  total  thickness  of  147  nm  using  the 
physical  vapor  deposition  (PVD).  Rutherford  Backscattering  Spectrometry  (RBS)  and  RUMP  simulation 
have  been  used  to  determine  the  stoichiometry  of  the  elements  of  Si02,  Cu  and  Au  in  the  multilayer  films 
and  the  thickness  of  the  grown  multi-layer  films.  The  5  MeV  Si  ions  bombardments  have  been  performed 
using  the  AAMU-Center  for  Irradiation  of  Materials  (CIM)  Pelletron  ion  beam  accelerator  to  make  quan¬ 
tum  (nano)  dots  and/or  quantum  (quantum)  clusters  in  the  multilayered  superlattice  thin  films  to 
decrease  the  cross  plane  thermal  conductivity,  increase  the  cross  plane  Seebeck  coefficient  and  cross 
plane  electrical  conductivity.  To  characterize  the  thermoelectric  generator  devices  before  and  after  Si 
ion  bombardments  we  have  measured  Seebeck  coefficient,  cross-plane  electrical  conductivity,  and 
thermal  conductivity  in  the  cross-plane  geometry  for  different  fluences. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Thermoelectrics  have  been  investigated  for  their  cooling  and 
energy  harvesting  uses  over  the  last  six  decades.  Those  devices 
can  be  brought  from  a  number  of  commercial  suppliers  [1].  In  re¬ 
cent  decades,  as  the  world’s  demand  for  exploiting  new  energy 
conversion  materials  increases,  continuing  interests  have  being  fo¬ 
cused  on  thermoelectric  (TE)  materials  because  of  their  clean  and 
sustainable  energy  converting  characteristics  [2],  The  technology 
of  thermoelectricity  began  during  the  World  War  II  when  Soviet 
Union,  under  the  Academician  Ioffe’s  inspiration,  produced  2- 
4  watt  thermoelectric  generators  to  be  capable  of  powering  a  small 
radio  from  a  small  cooking  fire  [3],  Solid-state  thermoelectric  (TE) 
cooling  and  electrical  power  generation  devices  have  many  attrac¬ 
tive  features  compared  with  other  methods  of  refrigeration  or  elec¬ 
trical  power  generation,  such  as  long  life,  no  moving  parts,  and  no 
emissions  of  toxic  gases,  low  maintenance,  and  high  reliability  [4], 
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Thermoelectric  materials  with  the  high  figure  of  merit  can  enable 
novel  thermoelectric  and  thermionic  devices  with  efficient  solid- 
state  refrigeration  and  power  conversion.  In  recent  years,  there 
has  been  a  considerable  interest  in  exploiting  the  thermoelectric 
properties  of  low-dimensional  structures,  such  as  quantum  well, 
superlattices,  and  one  dimensional  wire  [5].  The  central  issue  in 
thermoelectrics  research  is  to  increase  thermoelectric  figure  of 
merit  ZT.  The  best  thermoelectric  materials  were  succinctly  sum¬ 
marized  as  “phonon-glass  electron  crystal”  (or  PGEC  in  short), 
which  means  that  the  materials  should  have  a  low  lattice  thermal 
conductivity  as  in  glass,  and  a  high  electrical  conductivity  as  in 
crystals  [6],  Low  dimensional  materials,  such  as  quantum  wells, 
superlattices,  quantum  wires,  and  quantum  dots  offer  new  ways 
to  manipulate  the  electron  and  phonon  properties  of  a  given  mate¬ 
rial  [7],  Thermoelectric  devices  are  basically  categorized  into  two 
groups  on  the  direction  of  energy  conversion:  thermoelectric  cool¬ 
er  (TEC)  converting  electricity  to  thermal  energy  and  thermoelec¬ 
tric  generator  (TEG)  converting  heat  into  electricity  [8],  The 
efficiency  of  the  thermoelectric  devices  and  materials  is  deter¬ 
mined  by  the  figure  of  merit  ZT  [9],  The  figure  of  merit  is  defined 
by  ZT  =  S2gT/ic,  where  S  is  the  Seebeck  coefficient,  a  is  the  electrical 
conductivity,  T  is  the  absolute  temperature,  and  k  is  the  thermal 
conductivity  [10,11],  ZT  can  be  increased  by  increasing  S,  by 
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increasing  a,  or  by  decreasing  k.  In  this  study  we  have  reported  on 
the  growth  of  Si02/Si02  +  Cu  and  Si02/Si02  +  Au  multi-layer  super¬ 
lattice  films  using  PVD,  and  high  energy  Si  ions  bombardment  of 
the  films  for  reducing  thermal  conductivity  and  increasing  both 
electrical  conductivity  and  Seebeck  coefficient  in  the  cross  plane 
geometry.  We  have  published  the  preliminary  results  of  the  cur¬ 
rent  study  of  Si02/Si02  +  Cu  thin  films  in  Ref.  [12], 


2.  Experimental 

We  have  deposited  the  100  alternating  layers  of  Si02/Si02  +  Cu 
nano-layers  films  and  50  alternating  layers  of  Si02/Si02  +  Au  multi- 
nano  layered  superlattice  on  silicon  and  silica  (fused  quartz)  sub¬ 
strates  at  the  total  thickness  of  382  and  147  nm  respectively  using 
the  physical  vapor  deposition  (PVD).  The  multilayer  films  of 
Si02/Si02  +  Cu  were  sequentially  deposited  to  have  a  periodic 
structure  consisting  of  alternating  Si02  and  Si02  +  Cu  layers,  and 
the  multilayer  films  of  Si02/Si02  +  Au  were  sequentially  deposited 
to  have  a  periodic  structure  consisting  of  alternating  Si02  and 
Si02  +  Au  layers.  The  two  electron-gun  evaporators  were  turned 
on  and  off  alternately  to  make  multilayers.  The  base  pressure  in 
PVD  chamber  during  the  deposition  was  about  5  x  10  6Torr.  The 
growth  rate  was  monitored  by  a  gold  coated  Inficon  Quartz  Crystal 
Monitor  (QCM).  In  the  PVD  system,  we  have  used  e-beam,  and  we 
have  expected  to  see  amorphous  thin  films.  We  made  substrate 
holder  rotate  during  the  deposition,  by  this  way  we  could  reach 
much  better  quality  thin  film  systems.  Since  we  did  not  have 
XRD  results  due  to  not  having  this  facility,  we  could  not  say  the 
crystal  structure  of  the  film  systems.  The  film  geometries  used 
for  deposition  of  Si02/Si02  +  Cu  nano-layers  films  are  shown  in 
Fig.  la  and  b  for  the  cross  plane  thermal  conductivity  and  for  the 
cross  plane  Seebeck  coefficient  and  the  cross  plane  electrical  con¬ 
ductivity  measurements  respectively.  The  film  geometries  used 
for  deposition  of  Si02/Si02  +  Au  nano-layers  films  are  shown  in 
Fig.  2a  and  b  for  the  thermal  conductivity  and  for  Seebeck  coeffi¬ 
cient  measurements  respectively.  The  cross  plane  electrical  con¬ 
ductivity  was  measured  by  the  4-probe  contact  system  and  the 
cross  plane  thermal  conductivity  was  measured  by  the  home-made 
3(0  (3rd  harmonic)  technique.  The  cross  plane  Seebeck  coefficient 
was  measured  using  MMR  Technologies  Seebeck  system.  The  elec¬ 
trical  conductivity,  thermal  conductivity  and  Seebeck  coefficient 
measurements  have  been  performed  at  room  temperature.  De- 
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Fig.  2.  Geometry  of  sample  from  the  cross-section,  (a)  for  thermal  conductivity,  (b) 
for  Seebeck  measurements. 


tailed  information  about  the  3co  technique  might  be  found  in  Refs. 
[13-15],  In  order  to  make  nano-clusters  and/  or  nano-dots  in  the 
layers,  5  MeV  Si  ions  bombardments  were  performed  with  the 
Pelletron  ion  beam  accelerator  at  the  Alabama  A&M  University 
Center  for  Irradiation  of  Materials  (AAMU-CIM).  The  Stopping 
and  Range  of  Ions  in  Matter  software  (SRIM)  was  used  to  choose 
the  suitable  energy  for  bombarding  the  samples  with  MeV  Si  ions. 
The  fluences  used  for  the  bombardment  were  between  1  x  1012 
and  1  x  1014  ions/cm2  for  the  two  different  thin  film  systems. 
Rutherford  Backscattering  Spectrometry  (RBS)  was  performed 
using  2.1  MeV  He+  ions  with  the  particle  detector  placed  at  170° 
from  the  incident  beam  to  monitor  the  film  thickness  and  stoichi¬ 
ometry  before  and  after  5  MeV  Si  ion  bombardments  [16,17], 

3.  Results  and  discussion 

Fig.  3  shows  the  He  RBS  spectrum  of  Si02/Si02  +  Cu  multilayer 
thin  film  prepared  on  Glassy  Polymeric  Carbon  (GPC)  substrate 
since  GPC  is  suitable  material  for  RBS  measurements.  As  seen  from 
the  Fig.  2,  the  used  materials  in  Si02/Si02  +  Cu  thin  film  deposition 
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Fig.  4.  He*  RBS  spectrum  and  RUMP  simulation  for  Si02/Si02  +  Au  nano-layered 
films  on  GPC  substrate. 


and  the  energy  correspondence  of  the  channels  of  the  elements 
have  been  shown  on  the  RBS  spectrum.  After  the  suitable  optimi¬ 
zations  depending  on  the  figure  of  merit  results  could  be  done 
on  the  elemental  analysis  of  the  Si02/Si02  +  Cu  multilayer  thin 
films,  the  more  suitable  thin  films  for  the  higher  efficient  device 
fabrications  could  be  produced  in  our  future  studies. 

Fig.  4  shows  RBS  spectrum  and  RUMP  simulation  of  50  alternat¬ 
ing  layers  of  Si02/Si02  +  Au  films  on  a  Glassy  Polymeric  Carbon 
(GPC)  substrate  when  the  sample  is  at  the  normal  angle.  The  same 
stoichiometry  was  kept  for  our  50  alternating  layer  film  deposition 
on  the  silicon  and  silica  substrates  for  the  thermoelectric  generator 
fabrication.  RUMP  simulation  [18]  was  used  both  to  specify  the 
average  thickness  of  50  layers  for  Si02/Si02  +  Au  co-deposited  lay¬ 
ers  as  147  nm  and  the  elemental  analysis  of  the  thin  films. 

Fig.  5  shows  the  thermoelectric  properties  of  100  alternating 
layers  of  Si02/Si02  +  Cu  virgin  and  5  MeV  Si  ions  bombarded  thin 
films  at  five  different  fluences.  Fig.  5a  shows  the  square  of  the  cross 
plane  Seebeck  coefficient  of  the  thin  films.  Since  electrons  are  the 
main  charge  carriers  in  our  deposited  Si02/Si02  +  Cu  thin  film  sys¬ 
tems,  the  original  cross  plane  Seebeck  values  are  negative.  The  vir¬ 
gin  (unbombarded)  sample  has  Seebeck  coefficient  of  -40.31  pV/K 
and  this  value  changed  to  -22.59  pV/K  at  the  fluence  of 
1  x  1012  ions/cm2;  -67.82  pV/K  at  the  fluence  of  5  x  1012ions/ 
cm2  and  reached  the  value  of  -135.32  pV/K  at  the  fluence  of 
1  x  1013  ions/cm2;  -345.79  pV/K  at  the  fluence  of  1  x  1012ions/ 
cm2,  and  -339.62  pV/K  at  the  fluence  of  1  x  1014  ions/cm2.  The  in¬ 
crease  in  the  negative  side  of  the  cross  plane  Seebeck  coefficients  is 
one  of  the  expected  things  for  the  high  efficient  thermoelectric 
materials  and  devices.  These  results  in  the  Seebeck  coefficient 
showed  that  the  5  MeV  Si  ions  beam  bombardments  have  modified 
the  microstructure  of  the  Si02/Si02  +  Cu  multilayer  thin  films  and 
it  has  caused  an  increase  in  the  cross  plane  Seebeck  coefficient  at 
almost  applied  fluences. 

As  seen  from  Fig.  5b,  the  remarkable  increase  in  the  cross  plane 
electrical  conductivity  was  observed  until  the  fluence  of 
5  x  1013  ions/cm2.  After  the  fluence  of  5  x  1013  ions/cm2,  the  cross 
plane  electrical  conductivity  value  started  to  decrease.  The  in¬ 
crease  in  the  electrical  conductivity  is  one  of  the  other  expected 
things  for  the  high  efficient  thermoelectric  materials  and  devices. 
Until  the  fluence  of  5  x  1013  ions/cm2,  the  introduced  fluences  of 
the  MeV  Si  ions  were  suitable  to  increase  the  electrical  conductiv¬ 
ity.  Fig.  5c  shows  that  the  cross  plane  thermal  conductivity  value 
started  to  decrease  when  the  first  ion  bombardment  was  intro¬ 
duced  at  the  fluence  of  1  x  1012  ions/cm2.  The  decrement  in  the 
thermal  conductivity  continued  to  the  fluence  of  5  x  1012 
ions/cm2.  After  the  fluence  of  5  x  1012  ions/cm2,  the  cross  plane 
thermal  conductivity  showed  an  increase  until  the  fluence  of 
1  x  1013  ions/cm2.  After  the  fluence  of  5  x  1013  ions/cm2,  the  cross 


plane  thermal  conductivity  decreased  and  increased  depending  on 
the  applied  fluences.  The  MeV  Si  ions  bombardments  at  the  differ¬ 
ent  fluences  affected  the  thermal  conductivity  values  in  the  posi¬ 
tive  direction  since  the  thermal  conductivity  values  decreased 
when  the  fluences  were  started.  The  decrease  in  the  thermal  con¬ 
ductivity  is  one  of  the  other  expected  values  for  the  high  efficient 
thermoelectric  materials  and  devices.  The  5  MeV  Si  ions  beam 
modified  the  thin  film  systems,  and  the  nano-cluster  and/or 
nano-dots  formation  due  to  the  ion  beam  bombardments  caused 
the  decrease  in  the  cross  plane  thermal  conductivity  values.  Final¬ 
ly,  we  have  calculated  the  figure  of  merit  ZT  before  and  after  5  MeV 
Si  ions  bombardments  as  shown  in  Fig.  5d.  The  desired  result  of  ion 
bombardment  on  ZT  strongly  appears  until  the  fluence  of  5  x 
1013  ions/cm2.  ZT  reached  0.057  at  the  fluence  of  5  x  1013ions/ 
cm2.  This  result  is  very  remarkable  for  the  preliminary  studies  of 
Si02/Si02  +  Cu  superlattice  thin  film  systems.  The  MeV  Si  ions 
beam  modified  the  thin  film  systems  and  caused  the  increase  in 
both  the  cross  plane  Seebeck  coefficient  and  electrical  conductiv¬ 
ity,  and  decrease  in  the  cross  plane  thermal  conductivity,  thus  in¬ 
creases  in  ZT  at  the  suitable  fluences. 

Fig.  6  shows  the  Seebeck  coefficient  temperature  dependence  of 
Si02/Si02  +  Au  multilayer  films  at  different  fluences.  As  seen  from 
Fig.  6,  the  MeV  Si  ions  bombardments  showed  positive  effects  on 
the  Seebeck  coefficient.  Seebeck  coefficient  of  the  sample  depend¬ 
ing  on  the  temperature  at  the  different  fluences  showed  an  incre¬ 
ment  in  the  negative  axis  direction  since  the  sample  has  the  charge 
carriers  of  electrons.  Seebeck  coefficient  measurements  showed  n- 
type  behavior  for  Si02/Si02  +  Au  multilayer  thin  films.  As  seen  from 
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Fig.  6.  Seebeck  coefficient  temperature  dependence  of  Si02/Si02  +  Au  multilayer 
films  at  different  fluences. 


Fig.  6,  the  maximum  effect  could  be  seen  at  the  room  temperature 
bombarded  at  the  fluence  of  1  x  1013  ions/cm2.  Generally  speaking, 
the  maximum  effect  occurred  at  the  fluence  of  5  x  1013  ions/cm2 
for  Si02/Si02  +  Au  multilayer  system  while  the  temperature  is 
being  increased. 

Fig.  7  shows  the  Raman  analysis  of  Si02/Si02  +  Au  amorphous 
multilayer  films  at  different  fluences.  Dilor-JOBIN  YVON-SPEX  Ra¬ 
man  spectrometer  was  used  to  analyze  the  multilayer  films  for  or¬ 
der  of  the  system  and  the  bonds  among  the  introduced  elements  in 
the  multilayer  systems.  As  seen  from  Fig.  7,  the  broad  feature  start¬ 
ing  at  around  950  cm -1  is  an  amorphous  material  and  is  laying  at 
the  subsurface  of  the  thin  film.  Au  does  exhibit  a  band  in  this  re¬ 
gion  of  the  Raman  shift.  The  Au  thin  film  deposited  on  glass  shows 
a  very  weak  Raman  spectrum  and  Raman  Spectrum  indicates  that 
Au  no  real  contribution  to  the  overall  Raman  features  [19,20], 

Fig.  8  shows  the  thermoelectric  properties  of  50  alternating  lay¬ 
ers  of  Si02/Si02  +  Au  virgin  and  5  MeV  Si  ion  bombarded  thin  films 
at  five  different  fluences.  Fig.  8a  shows  the  square  of  the  Seebeck 
coefficient  of  the  thin  films.  The  original  Seebeck  values  are  nega¬ 
tive  that  is,  we  have  negative  thermo-power  and  electrons  are  the 
main  charge  carriers.  The  virgin  sample  has  Seebeck  coefficient  of 
-40.81  pV/K  at  the  room  temperature  and  this  value  decreased 
from  this  value  until  maximum  value  of  -56.49  pV/K  at  the  fluence 


multilayer  films. 

of  1  x  1013  ions/cm2.  When  MeV  Si  ions  bombardment  was  contin¬ 
ued  at  the  increasing  fluences  at  the  room  temperature,  the  See¬ 
beck  coefficient  reached  -51.9  pV/K  and  -8.37  pV/K  at  the 
fluences  of  5  x  1013  and  7  x  1013  ions/cm2,  respectively.  The 
observed  effects  of  Si  ions  bombardment  have  the  opposite  charac¬ 
teristics  for  the  electrical  and  the  thermal  conductivity  values  as 


Fig.  7.  Raman  analysis  of  Si02/Si02  ■ 


jltilayer  films  at  different  fluences. 
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function  of  varying  fluence,  as  shown  in  the  Fig.  8b  and  c.  respec¬ 
tively.  As  seen  from  Fig.  8b,  the  remarkable  increase  in  the  electri¬ 
cal  conductivity  was  observed  at  the  fluence  of  5  x  1013  ions/cm2. 
As  seen  from  Fig.  8c,  the  thermal  conductivity  value  decreased 
when  the  first  ion  bombardment  was  introduced  at  the  fluence 
of  1  x  1012  ions/cm2.  After  this  fluence,  the  thermal  conductivity 
showed  an  increase  until  the  fluence  of  5  x  1013  ions/cm2. 
The  turning  point  for  the  thermal  conductivity  is  the  fluence  of 
5  x  1012  ions/cm2.  After  this  fluence,  the  thermal  conductivity  de¬ 
creased  until  the  fluence  of  5  x  1013  ions/cm2.  After  the  fluence  of 
5  x  1013  ions/cm2,  the  thermal  conductivity  showed  an  increase. 
Fig.  8d  shows  ZT  values.  The  desired  result  of  ion  bombardment 
on  ZT  strongly  appears  at  the  fluences  of  1  x  1013  and 
5  x  1013  ions/cm2.  When  we  consider  the  experimental  uncer¬ 
tainty,  we  are  able  to  say  that  the  total  effect  of  bombardment 
do  not  differ  the  ZT  values  for  other  fluences  except  for  the  fluences 
of  5  x  1013  and  5  x  1013  ions/cm2. 

4.  Conclusion 

We  have  observed  the  positive  effects  of  the  5  MeV  Si  ions  bom¬ 
bardments  on  both  the  thermoelectric  properties  of  the 
Si02/Si02  +  Cu  and  Si02/Si02  +  Au  superlattice  multilayer  thin  film 
systems.  We  have  been  working  on  the  different  superlattice  thin 
film  systems  like  Si02/Si02  +  Au,  Si02/Si02  +  Ag  as  shown  in  Refs. 
[9,11],  respectively.  This  was  the  first  time  for  us  to  start  with 
the  Si02/Si02  +  Cu  superlattice  thin  film  systems.  We  have  reached 
the  positive  effects  of  the  5  MeV  Si  ions  beam  modifications  on  the 
thermoelectric  properties  of  the  Si02/Si02  +  Cu  superlattice  thin 
film  systems  since  the  thermal  conductivity  values  decrease  while 
the  Seebeck  coefficient  and  electrical  conductivity  values  increase 
under  the  effect  of  the  MeV  Si  ions  bombardments  at  the  suitable 
fluences.  The  data  of  Si02/AuSi02  alternating  layers  clearly  show 
that  the  thermoelectric  properties  are  positively  impacted  at  the 
suitable  fluences.  The  properties  quickly  degrade  or  demonstrate 
limited  response  at  some  fluences  as  increasing  fluence.  This 
behavior  suggests  ion  straggling  or  damage  due  to  the  increasing 
fluence.  We  have  reported  similar  study  as  shown  in  Ref.  [9],  Our 
purpose  is  to  improve  the  figure  of  merit  for  the  Si02/Si02  +  Cu 
and  Si02/Si02  +  Au  superlattice  multilayer  thin  film  systems.  We 
will  be  continuing  our  investigation  progress  to  understand  the 


Si02/Si02  +  Cu  and  Si02/Si02  +  Au  superlattice  thin  film  systems 
at  the  different  conditions  like  different  thickness,  different  flu¬ 
ences  and  energies,  different  number  of  periods  to  reach  more  effi¬ 
cient  thermoelectric  device  fabrications. 


Acknowledgement 

Research  sponsored  by  the  Center  for  Irradiation  of  Materials 
(CIM),  National  Science  Foundation  under  NSF-EPSCOR  R-II-3 
Grant  No.  EPS-0814103,  DOD  under  Nanotechnology  Infrastructure 
Development  for  Education  and  Research  through  the  Army  Re¬ 
search  Office  #W911  NF-08-1-0425. 

References 


[1]  Mehmet  Arik,  Jim  Bray,  Stanton  Weaver,  Proc.  of  SPIE  7679  (2010).  76791F-1- 
18. 

[2]  Zhen  Xiong,  Xihong  Chen,  Xueying  Zhao,  Shengqiang  Bai,  Xiangyang  Huang, 
Lidong  Chen,  Solid  State  Sci.  11  (2009)  1612-1616. 

[3]  Tao  Li,  Guangfa  Tang,  Guangcai  Gong,  Guangqiang  Zhang,  Nianping  Li,  Lin 
Zhang,  Appl.  Therm.  Eng.  29  (2009)  2016-2021. 

[4]  T.C.  Harman,  P.J.  Taylor,  M.P.  Walsh,  B.E.  LaForge,  Science  297  (2002)  2229- 
2232. 

[5]  J.L.  Liu,  A.  Khitun,  K.L.  Wang,  T.  Borca-Tasiuc,  W.L.  Liu,  G.  Chen,  D.P.  Yu, J.  Cryst. 
Growth  227-228  (2001)  1111-1115. 

[6]  G.  Slack,  in:  D.M.  Rowe  (Ed.),  CRC  Handbook  of  Thermoelectrics,  CRC  Press, 
USA,  1995,  pp.  407-440. 

[7]  T.M.  Trit  (Ed.),  Semiconductor  and  Semimetals  71  (2001). 

[8]  C.  Cheng,  S.  Huang,  T.  Cheng,  Int.  J.  Heat  Mass  Transfer  53  (2010)  2001-2011. 

[9]  S.  Budak,  C.  Muntele,  B.  Zheng,  D.  Ua,  Nucl.  Instrum.  Methods  B  261  (2007) 
1167. 

[10]  S.  Guner,  S.  Budak,  R.A.  Minamisawa,  C.  Muntele,  D.  Ila,  Nucl.  Instrum.  Methods 
B  266  (2008)  1261. 

[11]  S.  Budak,  S.  Guner,  R.A.  Minamisawa,  D.  ILA,  Surf.  Coat.  Technol.  203  (2009) 
2479-2481. 

[12]  J.  Chacha,  S.  Budak,  C.  Smith,  M.  Pugh,  K.  Ogbara,  K.  Heidary,  R.B.  Johnson,  C. 
Muntele,  D.  ILA,  Mater.  Res.  Soc.  Symp.  Proc.  Vol.  1267  ©  2010  Materials 
Research  Society  1267-DD05-15. 

[13]  L.R.  Holland,  R.C.  Smith,  J.  Appl.  Phys.  37  (1966)  4528. 

[14]  D.G.  Cahill,  M.  Katiyar,  J.R.  Abelson,  Phys.  Rev.  B  50  (1994)  6077. 

[15]  T.B.  Tasciuc,  A.R.  Kumar,  G.  Chen,  Rev.  Sci.  Instrum.  72  (2001)  2139. 

[16]  J.F.  Ziegler,  J.P.  Biersack,  U.  Littmark,  The  Stopping  Range  of  Ions  in  solids, 
Pergamon  Press,  New  York,  1985. 

[17]  W.K.  Chu,  J.W.  Mayer,  M.-A.  Nicolet,  Backscattering  Spectrometry,  Academic 
Press,  New  York,  1978. 

[18]  L.R.  Doolittle,  M.O.  Thompson,  RUMP,  Computer  Graphics  Service,  2002. 

[19]  S.  Nie,  S.R.  Emory,  Science  275  (1997)  1102. 

[20]  G.V.  Pavan  Kumar,  S.  Shruthi,  B.  Vibha,  B.A.  Ashok  Reddy,  T.K.  Kundu,  C. 
Narayana,  J.  Phys.  Chem.  C  111  (2007)  4388. 


